Purpose Nanoscale zero valent iron (NZVI) is emerging as a new option for the treatment of contaminated soil and groundwater targeting mainly chlorinated organic contaminants (e.g., solvents, pesticides) and inorganic anions or metals. The purpose of this article is to give a short overview of the practical experience with NZVI applications in Europe and to present a comparison to the situation in the USA. Furthermore, the reasons for the difference in technology use are discussed. Method The results in this article are based on an extensive literature review and structured discussions in an expert workshop with experts from Europe and the USA. The evaluation of the experiences was based on a SWOT (strength, weakness, opportunity, threat) analysis.
Introduction
In Europe, an estimated 20,000 polluted sites need to be remediated, and another 350,000 potentially contaminated sites have been identified by the European Environment Agency (Prokop et al. 2000) . By comparison, in the USA, there are between 235,000 and 355,000 sites that require cleanup at an estimated cost of between $174 and 253 billion (€115 and 168 billion) (U.S. EPA 2005). Until 1992, the predominant technology for addressing groundwater contamination was pump and treat (Karn et al. 2009; U.S. EPA 2005) . As this type of ex situ treatment is very expensive and slow-the average pump and treat system operates for about 18 years (U.S. EPA 2001)-the number of public sites in the USA remediated by pump and treat has decreased to less than 20% in 2005, and it is expected that ex situ remediation techniques will be phased out over the coming decade (Karn et al. 2009 ).
The first passive in situ treatment method introduced consisted of permeable reactive barriers (PRBs) using granular zero valent iron (ZVI, see Table 1 for abbreviations of particle types). Until now, granular ZVI has been used for many years at numerous sites in PRBs (Tratnyek and Johnson 2006) , which are still considered the state-of-theart method. Metallic iron is very effective in transforming a wide variety of common contaminants such as chlorinated methanes, brominated methanes, trihalomethanes, chlorinated ethenes, chlorinates benzenes, other polychlorinated hydrocarbon pesticides, and dyes into less toxic compounds (Zhang 2003) . In a reductive environment, chlorinated compounds are partially or totally dechlorinated to ethene and chloride. The reaction pathways have been extensively described in the literature (Dries et al. 2005; Klimkova et al. 2008; Müller et al. 2006; Schrick et al. 2002; Song and Carraway 2005; Zhang 2003 ). ZVI can not only reduce organic contaminants but also the inorganic anions such as nitrate which is reduced to ammonia (Liou et al. 2006; Sohn et al. 2006) , perchlorate (plus chlorate or chlorite) which is reduced to chloride (Cao et al. 2005) , selenate (Mondal et al. 2004) , arsenate (Jegadeesan et al. 2005; Kanel et al. 2006) , arsenite (Kanel et al. 2005) , and chromate (Manning et al. 2007; Ponder et al. 2000) . ZVI is also efficient in removing dissolved metals from solution, e.g., Pb and Ni (Li et al. 2006; Ponder et al. 2000) . The major drawback, however, is that PRBs can only address contaminant plumes that flow through the barrier and hence they do not contribute to the active removal of the source. This has a direct impact on the duration of the remediation and the availability of the land for resale or reuse.
Nanoscale iron particles are-based on the large specific surface area-significantly more reactive than conventional ZVI and are to some extent able to migrate below ground, (Karn et al. 2009; Mueller and Nowack 2010; Theron et al. 2008; Zhang 2003) . However, NZVI (nanoscale zero valent iron) is the most commonly used nanomaterial for soil and groundwater remediation at the present time (Karn et al. 2009 ). This article presents an overview of the use of NZVI for groundwater remediation from a European perspective and surveys pilot and full-scale remediations carried out so far. In addition, the concerns and limitations relating to the use of NZVI for groundwater remediation are discussed. The results of these pilot tests differ significantly. At the Spolchemie site in the Czech Republic, contaminant concentrations remained low for 6 months after treatment, but increased thereafter to the original concentration. At the Kurivody site (also in the Czech Republic), the contaminant concentrations were reduced permanently by 75-95%. PCE decreased from 2,500 μg/L to 500 μg/L, trichloroethene (TCE) from 1,500 μg/L to 100 μg/L, and dichloroethene (DCE) from 1,000 μg/L to 250 μg/L (Aquatest, personal communication). The remediation in Biella led to a reduction of the original total chlorinated solvent concentrations (20,000-50,000 μg/L) by about 20-50% within 1 month (Karn et al. 2009 ). The pilot test in Thuringia conducted by Golder Associates also showed significant reductions in contaminants (Golder Associates, personal communication).
Full-scale applications

Bornheim, Germany
Bornheim (Rhein-Sieg-Kreis, Germany) was the first contaminated site in Europe where NZVI was used for a full-scale remediation. The site was originally contaminated with several tons of PCE from an industrial laundry/dry cleaner. The pollutant had spread over an area of several square kilometers down to a depth of 20 m. For 14 years, the groundwater had been treated by a combination of pump and treat, and soil vapor extraction. These measures removed around 5 tons of PCE at a cost of more than €1 million. It was estimated that remediation with these methods would need to continue for another 50 years to completely remove all contaminants. Details of the site can be found in Koschitzky et al. (2009) .
The 1-2 tons of PCE left in the ground (sandy gravel) were then treated with NZVI (70 nm particle size, stabilized by polycarboxylic acid). One ton of NZVI (Toda RNIP, see Table 1 for all abbreviations of materials) and 2 tons of microsized ZVI were pumped into the ground within a single month (August 2007) . The Fe suspension (about 90 g/L:30 g/L NZVI and 60 g/L 2.5 μm iron) was introduced by sleeve-pipe injection (via plastic tubes with small holes at regular intervals) to 16-22 m depth. Ten wells were situated in the area with an injection radius of 2 m each.
The remediation was conducted by Alenco Environmental Consult GmbH at a cost of around €290,000 including monitoring (about €366/m 3 or €290/kg PCE). The result of this project was an approximately 90% reduction of the concentration of total chlorinated compounds. No increase in the daughter products TCE and DCE was measured. Two years after the injection, no rebound has been observed and there is still a trend towards declining contaminant concentration. However, the success of the remediation cannot be unambiguously attributed to NZVI since both nanoscale and microscale particles were used.
Horice, Czech Republic
The full-scale application in Horice (Czech Republic) targeted an area of 120×60 m contaminated with PCE, TCE, and DCE. The contamination was at a depth of 3-10 m, contaminant concentrations were up to 70 mg/L, and the hydraulic conductivity was low (below 10 −6 m/s).
Details of the site are given by Černík (2010) . In the first stage (November 2008), 82 injection wells were bored and 300 kg of NZVI (NANOFER supplied by Nanoiron) were injected by a direct push method under a pressure of 0.8 MPa. Reductions of 60-75% (>90% in the diffuse plume) of the original contaminant concentration were achieved. In the second stage (November 2009), another 300 kg of NZVI were injected, and the decrease in concentration of chlorinated hydrocarbons continues (Fig. 1) . The total costs for both treatments (including monitoring) were around €300,000 (Černík 2010).
Pisecna, Czech Republic
At the Pisecna site, the contaminated area was around 2,000 m 2 . Thirty wells were bored to treat about 1 ton of chlorinated ethenes at a depth of 20-35 m below the surface. In total, 2000 kg of NZVI were introduced in three steps: parallel pilot tests with RNIP and NANOFER and the subsequent two full-scale application using NANOFER only. The total costs were around €360,000.
The results of the pilot test showed a significant decrease in chlorinated hydrocarbon concentration (chlorinated ethenes and ethanes) of 40-80%. Full-scale remediation began at the end of 2009 and followed one year later by the second injection. The final results are not yet available, but 3 months after the second injection the concentration of chlorinated hydrocarbons had dropped to about 20% of the initial values. Details of the site and preliminary results are reported by Černík (2010) .
European perspective on NZVI application
Media treated
All field applications carried out in Europe so far targeted groundwater only. By comparison, in the USA, about half of the site remediations targeted groundwater alone. About one fifth treated groundwater and soil simultaneously and a small number of site remediations treated sands, clayey silts, or soils (Karn et al. 2009) (Fig. 2) .
In Europe, NZVI was in most cases injected into high permeability aquifers (more than one third of sites), 25% targeted fractured bedrock and only a few pilot projects were carried out in low permeability aquifers, unconsolidated sedi-ments, or sandy gravel. For another 25% of the projects, the structure of the subsurface was not reported. Generally, it is agreed that remediation with NZVI in dense geological formations is less efficient and that unsaturated media are more difficult to treat. However, in these cases, hydraulic conductivity can be increased by fracturing and unsaturated zones can be flooded before or during the treatment.
Target compounds
The range of possible applications of NZVI is wide as it can not only effectively degrade organic contaminants but also immobilize inorganic anions such as arsenic or chromium and can even be used to recover/remove dissolved metals from solution (Müller et al. 2006; Nowack 2008; Parbs and Zhang found NZVI to be effective also against PCB and organochlorine pesticides (Zhang 2003) .
In Europe, most remedial actions with NZVI (70%) addressed chlorinated ethenes (PCE, TCE, DCE) or other chlorinated hydrocarbons (e.g., PCB). A few pilot remediations (20%) of other carbonaceous materials (BTEX, HC, VC) were additionally carried out. Ten percent of the remediations involved the immobilization of metals (Cr, Ni) and one pilot application also targeted nitrate (see Table 2 ).
For 15 field-scale applications in the USA, NZVI was in most cases used to treat a source zone of trichloroethanes (TCE) and daughter products, and some of the sites were contaminated with Cr(VI) (U.S. EPA 2005). The U.S. Navy promotes NZVI for the treatment of source zones contaminated with dense non-aqueous phase liquids (DNAPL) especially chlorinated alkenes such as PCE and TCE (U.S. Navy 2010). Golder Associates suggests NZVI for the treatment of chlorinated solvents, Cr(VI), and perchlorate, while Aquatest applies NZVI for both source and diffuse zones (Mueller and Nowack 2010) . See Fig. 2 for the comparison of the targeted contaminants in Europe and the USA.
Injection technology
NZVI injection can be accomplished with several different methods (U.S. Navy 2010). The U.S. EPA (2005) has analyzed 15 field-scale applications of NZVI or bimetallic nanoscale iron. In a majority of these field applications, NZVI was applied by gravity-feed or low pressure injection. A similar situation is found in Europe: of 14 sites where data on the injection technology was available, nine used infiltration or gravity feed, three used sleeve-pipe injections, and two a direct push method (see Table 2 ).
There is no general agreement on the ideal particle concentration required in the slurry. Proposed concentrations by European experts vary between 1 and 2 g/L and 10-30 g/L (Mueller and Nowack 2010) . In about a third of the field applications in Europe an NZVI concentration in the slurry of up to 5 g/L was used, in a further third up to 10 g/L, and in the remaining third concentrations of 15-30 g/L (see Table 2 ).
Particle types used
The greatest difference between Europe and the USA is the type of NZVI particle used. All remedial actions in Europe were carried out with standard NZVI [RNIP, NANOFER, or Fe(B)] while in the USA only 60% use standard NZVI. About 30% of the NZVI remediations in the USA use BNZVI and about 10% are carried out with ENZVI (Karn et al. 2009 ). In Europe, there is no company working with ENZVI (see Fig. 2 ). The main reason is concern about the injectability of an emulsified suspension.
In Europe, no field application of BNZVI has been carried out so far. On one hand, the reactions with BNZVI are too fast and, due to the short lifetime of the particles in an aquifer, unsustainable for remediation (Mueller and Nowack 2010) . On the other, there are concerns regarding the toxicity of the catalysts (e.g., Ni is considered to be a priority hazardous substance under the EU Water Framework Directive; Schrick et al. 2002) . Fig. 2 Comparison of the media treated, particle types used, and the target compounds of NZVI applications in Europe and the USA. The graphs for Europe are based on the information in Table 2 . The data used for the USA is extracted from the supplementary information of Karn et al. (2009) . For the graph on the target compounds, remediation projects targeting different contaminant categories were counted in each category of which a contaminant was addressed during the treatment 4 Challenges of using NZVI Even though three companies in Europe are already pioneering the use of NZVI for the remediation of contaminated soils and groundwater, there are still some major issues to be resolved by researchers, environmental consultants, and also by governments.
Technical challenges and toxicity
Technical challenges of using NVZI in field applications include iron passivation through non-target reactions, the limited particle mobility, e.g., due to agglomeration, and the difficulties of scale-up from laboratory experiments to field tests (Mueller and Nowack 2010) . The most promising conditions for remediation projects with NZVI are on sites where:
& Reasonably good injectability is assured; & Porous ground allows for reasonable particle migration; & A reductive environment limits non-target reactions; & Chlorinated compounds are to be degraded or metals need to be immobilized.
Regarding the possible ecotoxicity of NZVI, not much is known yet. While some authors found NZVI to cause oxidative stress in cells (Auffan et al. 2008) or that oxidized NZVI could adsorb contaminants and serve as carrier (Gilbert et al. 2007 ), other authors assume that the reductive, anaerobic environment resulting from NZVI remediation may enhance the growth of bacteria which can further reduce the contaminant (Elliott and Zhang 2001) .
It is evident that the direct application of nanoparticles for environmental remediation (such as NZVI for soil and groundwater remediation) is the largest point source for nanoparticle entry in the environment (Nowack and Bucheli 2007) . As listed in Table 1 , 7-150 kg of NZVI are typically introduced into the soil per pilot project, which is about one tenth at most of the amount used in full-scale remediations. In Europe, 1.3 tons was the largest amount applied on a single site. These numbers can be compared to the worldwide diffuse input of nanoparticles into the environment from other industrial and household sources that is estimated to be of the order of a 500 tons for Ag and carbon nanotubes per year (Gottschalk et al. 2009; Mueller and Nowack 2008) .
Regulations and acceptance by governments
Governments need to balance the chances and risks of this new technology even though the data on (eco)toxicity available at the present time is not conclusive. There is no European country which has-to our knowledge-specific regulations on the use of nanomaterials for environmental remediation. The use of NZVI has thus to be evaluated by the governmental agencies by means of the current laws and regulations on chemical substances. In contrast to the USA, most agencies are-based on the precautionary principle-rather cautious, especially since there have been only a few full-scale remediations carried out in Europe so far. Environmental agencies in Italy, Germany, and the Czech Republic seem to be open-minded towards NZVI application as they have allowed pilot-scale or full-scale remediations. Karn et al. (2009) have assessed different governmental position papers (e.g., from Royal Society, EC, Quebec Commission, EPA) and found that in general NZVI for remediation is looked on as more beneficial than harmful, but that it is the largest point source of environmental exposure and thus needs more research on its effects.
Barriers to the market in Europe
Besides the technical challenges and the need for regulation, there are additional barriers to the commercialization of the technology. The most prominent of these is the expense. Even though the overall costs of NZVI remediations were stated to be much lower than for other methods [PARS Environmental 2009 (last visit) ], other aspects make the use of NZVI less attractive. In remediation with NZVI, all the costs arise within 1 or 2 years, while the costs of pump and treat are spread over 10-20 years (which may also be more favorable because of tax reductions). Other issues are the difficulty in getting approval by regulatory agencies and funding for research on the field scale, the lack of information about nano-remediation available to consultants and potential clients, and the lack of long-term experience with the technology (Mueller and Nowack 2010) .
The German Federal Institute for Geosciences and Natural Resources, for example, has discontinued its activities in the field of remediation with NZVI in 2008 (Robert Kringel, personal communication) . Despite the widespread application in the USA and the three successful projects in Europe, this institute has come to the conclusion that the technical difficulty of disseminating the iron below ground and the cost-benefit analysis indicate that NZVI technology is not yet ready for large-scale application. Based on its relatively broad applicability, it is estimated that at least 1,000 sites (about 5% of all contaminated sites) in the EU could be remediated with NZVI, but that the total market share of NZVI in Europe will not exceed 5-15% of all contaminated sites (Mueller and Nowack 2010) .
Conclusions
The NZVI remediation technologies applied in the USA and Europe are comparable regarding technical aspects such as injection method, particle concentration, and the media treated. However, remediation with NZVI in Europe is rare while it is widespread in the USA. The reason for this significant difference is mainly related to non-technical aspects. In the USA, authorities are more receptive towards innovative remediation solutions, among other reasons, because many of the sites are in remote areas with limited risk of human exposure. In Europe, however, many governmental bodies are reluctant to try new methods because of the precautionary principle. This difference of approach is also reflected in the particle types used. In the USA, 40% of all remediation projects are carried out with BNZVI; in Europe, only regular NZVI is applied because of concerns regarding the toxicity of the catalysts in BNZVI.
There is no agreement within the European expert community whether NZVI is a viable alternative for soil and groundwater remediation. Critics state that the competitiveness of NZVI for source treatment is in general very limited in comparison with ISCO (in situ chemical oxidation). The reasons are connected with the handling, mixing, and injection of the suspension, which is more expensive than the handling of a solution. It has been calculated that the price of NZVI must be less than €10/kg to make it a feasible option (Mueller and Nowack 2010) . However, there is general consensus that site characteristics determine the optimum method. The best opportunities for application of NZVI may be in cases where PCE is the sole contaminant, at low concentrations of reducible species (sulfate, nitrate, etc.), and in highly permeable aquifers.
The success of NZVI remediations in the USA and on some sites in Europe suggests that the scarcity of NZVI applications in Europe is not mainly due to technical reasons but rather based on societal acceptance and regulatory barriers.
